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P A L E O N T O L O G Y

Highly aquatic marine stem archosaur with soft 
tissue preservation
Wei Wang1*, Nicholas C. Fraser2, Stephan N. F. Spiekman3,4, Zhiheng Li1, Olivier Rieppel5,  
Hong Lei6, Torsten M. Scheyer7, Chun Li1*

Archosauromorpha is a dominant reptile clade that primarily occupied terrestrial ecosystems with limited second-
arily aquatic invasions that are poorly known. Here we report on a well-preserved Triassic reptile representing the 
earliest stem-archosaur to evolve unequivocal aquatic specializations. This taxon exhibits a suite of aquatic adap-
tations previously unknown in stem-archosaurs, such as hyperphalangy, enhanced paddle-like forelimbs, and a 
loss of articulation between the sacrum and pelvis, indicating an advanced aquatic lifestyle. The fossil exhibits the 
oldest known stomach, liver, and intestinal preservations in reptiles. Our findings provide unexpected insights 
into the early aquatic diversification of Archosauromorpha during the Triassic marine ecosystem recovery and 
highlight a conservative gastrointestinal system in an early Mesozoic vertebrate. In the absence of clear terrestrial 
members of the other major Mesozoic marine reptile lineages (e.g., ichthyosaurs and sauropterygians), this dis-
covery provides an unambiguous example of such a lineage including both decidedly terrestrial and extensively 
marine forms, providing tantalizing evidence for the land-to-sea transition in Triassic reptiles.

INTRODUCTION
The end-Permian mass extinction event triggered major subsequent 
ecological reorganizations, with multiple reptilian lineages coloniz-
ing marine environments during the Triassic (1), among which sau-
ropterygians (2) and ichthyosaurs (3, 4) emerged as quintessential 
marine predators throughout Mesozoic times. Concurrently, archo-
sauromorphs, the clade including crown-group archosaurs and their 
stem relatives, rose to dominate terrestrial ecosystems for more than 
180 million years (5–7). This broad terrestrial-marine ecological di-
chotomy has long framed our understanding of reptilian evolution 
(1), with marine archosauromorphs being relatively rare and less 
well studied (8). Within crown-group archosaurs besides sea birds, 
crocodylians are known to include many aquatic forms and a few 
non-avian dinosaurs have been postulated to have been semiaquatic 
or subaqueous foragers (9–11). The crocodile-line Thalattosuchia 
represent the most diverse and extensively adapted aquatic lineage 
within archosaurs (12), including obligatorily marine members from 
the Middle Jurassic to the Early Cretaceous (13). During the Triassic, 
phytosaurs (14) and some other archosauriforms (e.g., Qianosuchus 
mixtus, Litorosuchus somnii, and Vancleavea campi) (15–17) also oc-
cur in freshwater or marine sediments and exhibit features of a semi-
aquatic lifestyle.

Tanysauria (18) represents one of the earliest diverging clades of 
archosauromorphs with fossil remains from the Early Triassic (6, 19, 
20). Many of these long-necked archosauromorphs were almost cer-
tainly terrestrial, such as Macrocnemus and Pectodens (21, 22). How-
ever, the two recognized tanysaurian families, Tanystropheidae and 
Trachelosauridae, also include semiaquatic to marine taxa, which 

both exhibit independently attained adaptations for an aquatic life-
style, including extreme neck elongation, as is most clearly ex-
pressed in the tanystropheid Tanystropheus and the trachelosaurid 
Dinocephalosaurus (23–25). The trachelosaurids, in particular, rep-
resent the archosauromorphs most extensively adapted for marine 
life, potentially rivaling contemporaneous sauropterygians and ich-
thyosaurs in this regard. In the emblematic Dinocephalosaurus, these 
adaptations include an elongate snake-like body (2) and paddle-like 
limbs (25). Despite having only recently been recognized as a dis-
tinct clade (19), recent fossil discoveries and revisions of historical 
material alike provide a tantalizing indication of the diversity of ma-
rine trachelosaurids in Middle Triassic oceans (18, 26, 27). However, 
aside from Dinocephalosaurus, this evidence has been restricted to 
isolated elements or partial skeletons lacking articulated appendicu-
lar remains. Consequently, the morphological disparity and locomo-
tory strategies of tanysaurs, and how they compare to other marine 
amniote lineages, remains poorly understood.

In this study, we describe a complete skeleton of Austronaga 
minuta, a recently erected tanysaur from southwestern China (27). 
This exceptional specimen preserves not only a complete skeleton 
but also rare soft tissue remains within the body cavity, providing 
unprecedented insights into both the osteological and visceral anatomy 
of early archosauromorphs. This animal displays highly specialized 
limbs adapted for subaqueous locomotion, an observation supported 
by our analyses of a large sample of secondarily aquatic amniotes. 
This discovery provides definitive evidence of an obligate aquatic early 
stem archosaur, revealing a previously unrecognized marine ecological 
niche in Archosauromorpha.

RESULTS
Systematic paleontology
Diapsida, Osborn, 1903.

Archosauromorpha, von Huene, 1946.
Tanysauria, Spiekman et al., 2024.
Trachelosauridae, Abel 1919 (sensu Spiekman et al., 2024).
Austronaga minuta, Wang et al., 2023.
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Type specimen
Institute of Vertebrate Paleontology and Paleoanthropology (IVPP) 
V18579, a complete articulated skeleton preserved on two slabs (Fig. 1).
Locality and horizon
Waina Village, Luoping County, Yunnan Province, China; Member II 
of Guanling Formation, middle Anisian (Pelsonian), Middle Triassic.
Emended diagnosis
A tanysaur with the following features: quadrate anteroposteriorly 
broad and plate-like in lateral view with concave posterior margin; 
18 cervical, 24 dorsal vertebrae; tall axe-shaped neural spine on axis; 
cervical neural spines prominent, with convex dorsal margin and 
without anterodorsal or posterodorsal projections; chevrons of mid-
caudal region hatchet-shaped, with prominent distal expansion and 
a notch at the midpoint of its ventral margin; forelimb distinctly 

longer than hindlimb with humerus to femur length ratio over two; 
hyperphalangy present in both manus and pes.

Description
Skeletal anatomy
The skeleton is exceptionally well preserved on two slabs (Figs. 1 and 2) 
and partially described in a previous report (27). The entire vertebral 
column comprises 18 cervical, 24 dorsal, two sacral, and 71 caudal ver-
tebrae. This highlights the high variability in presacral vertebral counts 
observed in trachelosaurids, considering that Dinocephalosaurus and 
Trachelosaurus have 32 cervical and 30 dorsal vertebrae and approx-
imately 21 cervical and 27 dorsal vertebrae, respectively (18, 25). This 
stands in stark contrast with the much more conservative presacral 
vertebral counts of the trachelosaurid sister clade Tanystropheidae 

Fig. 1. Skeleton of the holotype of Austronaga minuta (IVPP V18579). Abbreviations are in the Supplementary Materials. Scale bars, 2 cm (A) and 1 cm (B to D).
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Fig. 2. IVPP V18579 under UV light. (A and B) skeleton under UV without and with yellow filter. Scale bar, 2 cm. (C and D) Skull under UV without and with yellow filter. 
Scale bar, 1 cm. (E and F) Manus under UV without and with yellow filter. Scale bar, 1 cm.



Wang et al., Sci. Adv. 12, eaeb7528 (2026)     29 July 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

4 of 14

(28). Apart from the most anterior and posterior cervical vertebrae, 
the dorsal margin of the cervical neural spine is slightly concave in 
lateral view and reminiscent of the trachelosaurids Pectodens (22) 
and Dinocephalosaurus (25). Absence of anterior and posterior ex-
pansions of the neural spine in lateral view, as well as the absence of 
a transverse expansion of their distal margin in Austronaga, also pro-
vides added resemblance to Dinocephalosaurus and Pectodens. In the 
anterior to middle dorsal vertebrae, the transverse processes display a 
distinct vertical ventral ridge (fig. S3), reminiscent of the condition ob-
served in Dinocephalosaurus, Pectodens, and Trachelosaurus (18, 22, 
25), likely representing a trachelosaurid synapomorphy. The distal 
expansion of the sacral rib is reduced and not as broad or bifurcate 
as in other tanysaurians (19, 21), resulting in a loose articulation with 
the pelvic elements.

The scapula is characterized by a relatively tall and broad semicircu-
lar dorsal blade, which contrasts with the relatively low, kidney-shaped 
bone observed in Tanystropheus, Macrocnemus, and Fuyuansaurus 
(29–32), but more closely resembles that of Dinocephalosaurus (25). 
Notably, the scapula is distinctly larger than the coracoid in Austronaga, 
a feature not previously observed in any tanysaur (Fig. 1 and fig. S5). 
The coracoid exhibits a notched anterior margin located below the 
glenoid, and no coracoid foramen is exposed, but it might conceiv-
ably be covered by overlying elements in both coracoids. The paired 
clavicles are quite long, robust, and slightly curved elements that taper 
gently toward what would have constituted a dorsal contact with the 
scapula. There is no indication of an ossified interclavicle. The hu-
meri are fairly straight and elongate, pillar-like elements with both 
slightly concave pre- and postaxial margins. There are no pronounced 
condyles or trochleae developed on the ends of the humeri, radii, or 
ulnae. Only two disc-shaped carpals are ossified, and the articulation 
between the carpals and the metacarpals is weak with a large gap 
between them (Fig. 1 and fig. S5). The metacarpals in Austronaga are 
relatively short, with the ratio between the lengths of the metacarpal 
and the most proximal phalanx in the same digit less than 1.5, which 
is similar to that of Dinocephalosaurus but lower than in other known 
tanysaurs that lack flippered limbs (e.g., Pectodens, Macrocnemus, and 
Tanystropheus) (22, 29, 32). We obtain the preserved phalangeal for-
mula for the fully exposed right manus as 1:7:6:5:3, in sharp contrast 
to 2:3:4:5:3 (or 4) in Pectodens (22) and 2:3:4:5:3 in Protorosaurus 
(33). The manus in Austronaga shows an exceptional case of hyper-
phalangy in the middle digits (Fig. 1 and fig. S5) also compared with 
Dinocephalosaurus, which conversely exhibits a phalangeal reduc-
tion relative to other tanysaurians (25). Although hyperphalangy 
is common in other highly marine reptile clades (e.g., Plesiosauria 
and Ichthyopterygia), it has not previously been identified among 
Archosauromorpha. Akin to the specimens of Dinocephalosaurus 
(25, 27, 34), we note that most of the preserved distal phalanges, like 
many other tetrapods with well-developed flippers, do not exhibit 
the typical “clawed” morphology of an ungual but are poorly ossified 
as rectangular thin pieces of bone evidently smaller than other pha-
langes and possibly with cartilaginous distal ends.

The ilium is a small element that lacks a preacetabular process 
and which has a dorsally oriented postacetabular process. This differs 
distinctly from the posteriorly or posterodorsally oriented postace-
tabular process of other archosauromorphs (6). This iliac configura-
tion provides further indication of a severely limited contact with 
the sacral ribs. The morphology of the pubis and ischium resembles 
that of Dinocephalosaurus and is distinct from other tanysaurs (25). 
The configuration of the pelvic elements also differs from other known 

Triassic archosauromorphs (6) by having a pubis that is considerably 
larger than the ischium (Fig. 1 and fig. S4). This pelvic morphology 
in Austronaga is reminiscent of that in sauropterygians or saurop-
terygiforms such as Hanosaurus in showing a reduced iliac blade and a 
subcircular pubis larger than the kidney-shaped ischium (2). Com-
pared to the forelimb, the hindlimb is evidently much reduced in size. 
The femur is pillar-shaped, developing weakly concave preaxial and 
postaxial margins and equally expanded at both ends, similar to the 
femora of Dinocephalosaurus and Trachelosaurus (18, 25). Only one 
ossified tarsal can be identified in Austronaga. As for the forelimb, 
all the articular surfaces on the bony elements in this hindlimb are 
vestigial. The phalangeal formula for the pes is 1:2:6:5:3 based on the 
right side, with the count on the left pes being partially obscured but 
broadly similar. There is a degree of hyperphalangy in the middle digits 
when compared with Dinocephalosaurus (25) and other Triassic archo-
sauromorphs (6). Overall, the hindlimbs of Austronaga are the most 
poorly developed of all hitherto known early archosauromorphs (6).
Soft tissue anatomy
The most anterior part of soft tissue represents the stomach on the 
basis of its relative position, size, and shape (Figs. 2 and 3 and figs. S6 
to S8). Some fiber-like branching structures can also be observed 
(Fig. 4), which might represent capillary-sized blood vessels (35). Pos-
teroventrally to the stomach, there is a remarkably thin layer with a 
reddish hue, extending from the distal portions of the 9th to 14th dorsal 
vertebrae (Fig. 3 and fig. S6). On the basis of its position and distinc-
tive color, this second mass represents the liver (35, 36). This inter-
pretation is supported by the fact that the liver is comparatively rich 
in iron, and the reddish matter is likely due to deposition of hema-
tite that appears dark black under ultraviolet (UV) light (Figs. 2 
and 3 and fig. S6). A layer of framboidal ferriferous material is de-
tected in this part with a distinctly high iron component (Fig. 5). 
Within the abdominal cavity situated between the 17th dorsal and 
the 1st sacral vertebra, there are dark brown cololites with smooth 
surfaces. The anterior portion of this mass is arranged in loops that 
are relatively narrow compared to the posterior section (Figs. 2 and 3), 
and it is suggested that these remains represent the small intestine 
and the large colon. The posterior part is darker and thicker and en-
crusts the 22nd to 25th dorsal vertebrae and ribs and exhibits a three-
dimensional structure. It contains pieces of undigested food, possibly 
including ganoid fish scales (Fig. 3 and fig. S7). A remarkably high 
concentration of phosphates is present in this region compared with 
other areas (Figs. 6 and 7 and figs. S12 to S14). Posterior to the sa-
crum, the most posterior mass of soft tissue appears as a light brownish 
mass around the presumed position of the vent and extends dorsally 
to cover the anterior five caudal vertebrae (Figs. 2 and 3 and fig. S8). 
This is tentatively considered to be skin and muscle remains, although 
it lacks the discernible scales described in other tanysaurs with such 
preservation (37, 38), but the scales are commonly vestigial in highly 
aquatic reptiles.

DISCUSSION
The skeleton of Austronaga was recovered from marine sediments in 
Luoping, China, where it occurs together with abundant marine in-
vertebrates, fishes, and other marine reptiles in the eastern Tethys 
(39). An array of anatomical features collectively demonstrates its 
extensive aquatic adaptations. The narial position, located posteriorly 
rather than at the rostral tip, likely aided in surface respiration (40). The 
jaws have conical teeth with prominent fangs, a dental morphology 
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characteristic of piscivorous reptiles (41). This interpretation is fur-
ther supported by the fish scales preserved as stomach contents, 
suggesting that Austronaga actively preyed on small fishes (Fig.  3 
and fig. S7). The scapula, coracoid, pubis, and ischium are thin and 
plate-like resembling other marine reptiles (2, 3). By contrast, in ter-
restrial relatives, these elements have irregular outlines with discrete 

blades and thickened margins (15, 32). Notably in Austronaga, the pel-
vic girdle is substantially reduced with the loss of articulation between 
the sacral ribs and the heavily modified ilium, indicating minimal 
weight-bearing capacity for terrestrial locomotion (42). By con-
trast, the pelvic girdles of the semiaquatic taxa such as Litorosuchus and 
Vancleavea are relatively more reinforced (16, 17).

Fig. 3. Gastrointestinal preservation in IVPP V18579. (A) Under normal light; (B) interpretation; (C) under UV light with yellow filter; scale bar, 1 cm.
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The most specialized aquatic adaptations in Austronaga are evi-
dent in its limb morphology (Fig. 8 and figs. S4 and S5). Two previous 
studies have independently proposed quantitative frameworks link-
ing limb proportions to the degree of aquatic adaptation: one focused 
on humerus and femur lengths (43), while the other investigated full 
limb proportions (44). On the basis of the previous data and addi-
tionally included measurements in this study (see Materials and 
Methods for more details), our comparative analyses of limb propor-
tions across extinct and extant secondarily aquatic reptiles and mam-
mals (data S1 and S2, Fig. 9, and figs. S17 to S26) demonstrate that 
Austronaga is an obligate aquatic animal exhibiting more pronounced 
marine adaptations than most secondarily aquatic non-avian amni-
otes (avians are not included in the analysis because of their aberrant 
forelimb morphology due to the typical bird wing). A femur shorter 
than the humerus represents a robust indicator of an advanced stage 
of aquatic adaptation (43, 44). In aquatic amniotes, the support from 
the hindlimb is redundant and the center of mass shifted anteriorly 
near the buoyancy center, optimizing submerged balance. The ratio 
between the lengths of the humerus and femur in Austronaga is 2.19. 
It is the highest value among all marine tetrapods (figs. S16 and S19) 
sampled in our two datasets (183 samples in data S1 and 230 samples 

in data S2) and compares directly to a previous review of secondarily 
aquatic adaptation in vertebrates (43). Austronaga also has the high-
est value of the ratio in both datasets when the lengths of the humerus 
and femur are log10-transformed (Fig. 9A and figs. S17, S18, and S20) 
and shows a forelimb much longer than the hindlimb (Fig. 8) in com-
parison with other aquatic amniotes (figs. S21 to S23). Beyond limb 
length ratios, elongated autopodia (manus and pes) (Fig. 9B and 
figs. S24 to S26) exhibiting hyperphalangy (i.e., supranumeral pha-
langes in at least one digit) is another significant indicator of aquatic 
specialization, as demonstrated in certain amniote groups (e.g., ple-
siosaurs, ichthyosaurs, mosasaurs, pinnipeds, and cetaceans) (44–47). 
These elongate forelimbs and large autopodia with hyperphalangy are 
absent in semiaquatic Triassic archosauriforms like Litorosuchus and 
Vancleavea (16, 17). Austronaga and Dinocephalosaurus display large 
autopodial proportions in both forelimb and hindlimb, and these are 
similar to other highly aquatic reptiles (plesiosaurs, ichthyosaurs, 
mosasaurs, and sea turtles) in sharp contrast to their more terrestrial 
relatives (Figs. 8 and 9B and figs. S24 to S26). This trend extends to 
aquatic mammals, which independently evolve enlarged autopodia 
despite having different body plans and locomotor modes (Fig. 4B 
and figs. S24 to S26).

Fig. 4. Microstructure and element contents from the stomach under SEM. This is sample 2 shown in fig. S9 located at the anterior part of the stomach; (A to C) are 
the SEM images under different scales; (D) is the elemental analysis obtained from the region in (A).
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Fig. 5. Microstructure and element contents of sample 3 from the liver under SEM. This is sample 3 shown in fig. S9 located at the posterior part of the liver; (A to 
C) are the SEM images under different scales; (B) and (C) show the framboidal ferriferous mineral; (D) and (E) show the cross sections of the sample under different scales 
with the framboidal ferriferous mineral on the surface; (F) is the elemental analysis obtained from the region in (A).
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Fig. 6. Microstructure and element contents from the small intestine under SEM. This is sample 4 shown in fig. S9 located at the anterior part of the small intestine; 
(A to E) are the SEM images under different scales; (F) is the elemental analysis obtained from the region in (A).



Wang et al., Sci. Adv. 12, eaeb7528 (2026)     29 July 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

9 of 14

Fig. 7. Microstructure and element contents from the large intestine under SEM. This is sample 5 shown in fig. S9 located at the anterior part of the large intestine; (A 
to E) are the SEM images under different scales; (F) is the elemental analysis obtained from the region in (C).
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Other characteristics reflecting an exclusively aquatic lifestyle, when 
compared to tanystropheids (19) and other stem archosaurs (6), include 
flattened long bones and phalanges; autopodial articulation facets unde-
veloped, thereby precluding flexion and extension; rudimentary joint 
morphology precluding effective limb-based locomotion on land; and 
rounded carpals and tarsals, much reduced in size and fewer in number 
(Fig. 8 and figs. S4 and S5). On the basis of the preserved limb pos-
ture (Fig. 1) and flattened joint surfaces, we infer that Austronaga at 
least partially used forelimb-generated thrust for aquatic propul-
sion (fig. S27). Unlike their terrestrial relatives (e.g., Protorosaurus, 

Prolacerta, Pectodens, Macrocnemus, and even the at least semiaquatic 
Tanystropheus) (22, 29, 32, 33), where digits II and III are more gracile, 
Austronaga and Dinocephalosaurus evolved laterally broad and rein-
forced phalanges in preaxial digits I, II, and III (Fig. 8 and fig. S5), poten-
tially forming hydrofoils for enhanced underwater lift generation (47). 
Both taxa display a complete loss of claws, with Austronaga additionally 
developing noteworthy hyperphalangy, a feature convergent with other 
highly aquatic amniotes that develop hydrodynamic flippers (47, 48).

In contrast to the profound osteological modifications associ-
ated with aquatic adaptation, the gastrointestinal system of Austronaga 

Fig. 8. Aquatic lineages in archosauromorphs with limb morphology in tanysaurs. Topology of tanysaurs is based on our phylogenetic result (fig. S20); subsection of 
crown group archosaurs is shown; terrestrial lineages in black, aquatic in blue, semiaquatic in half blue, and half black; homologous bony elements are of same colors in 
the forelimb (top) and hindlimb (bottom) near corresponding tanysaurian taxa.
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Fig. 9. Podial proportions in secondarily aquatic amniotes. (A) Ratio between long10-transformed lengths of humerus and femur. (B) Ternary projection of lengths of 
femur, tibia, and pes. Two hundred and thirty taxa of both extant (triangle) and extinct (dot) secondarily aquatic amniotes are sampled, and Austronaga shows long hu-
merus and large pes at an advanced stage of aquatic adaptation among other obligatorily marine amniotes.



Wang et al., Sci. Adv. 12, eaeb7528 (2026)     29 July 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

12 of 14

exhibits minimal specialization (Fig. 3). In an exceptionally preserved 
Early Cretaceous theropod with internal soft tissues, the stomach 
failed to be preserved, purportedly because of the highly acidic envi-
ronment caused by gastric secretions (35, 36). This is not the case in 
IVPP V18579, where a clearly distinguishable stomach is preserved. 
The single-chambered large stomach of Austronaga contrasts with the 
derived two-chambered organization (sometimes with gastroliths) 
observed in crown archosaurs including birds and crocodylians (49), 
reflecting a morphologically plesiomorphic condition. The anterior 
part of the liver is likely overlain by the stomach, and we therefore as-
sume that the liver was a larger organ than is exposed. The conspicu-
ous color of the liver is assumed to be a derivative of hemoglobin, as 
shown by the enrichment of iron indicated by the scanning electron 
microscopy (SEM) analysis relative to the sediment (Fig. 6 and fig. S14). 
A relatively short, loosely coiled intestinal tract lacking colonic expan-
sion in Austronaga is distinct from the elongated digestive systems of 
herbivorous reptiles like modern tortoise and iguana (50, 51). This 
short intestine system indicates a rapid digestion, which is consistent 
with the piscivorous water monitor lizard (51). With 24 dorsal verte-
brae, the torso of Austronaga is elongated compared to Protorosaurus 
and Pectodens (20, 22), but the intestine does not show a correspond-
ing elongation. This is in contrast to mustelid mammals but generally 
similar to the condition in snakes (51). The digestive tract of IVPP 
V18579 reflects a much lower selective pressure on the gastrointesti-
nal morphology compared to the highly specialized body plan associ-
ated with its aquatic lifestyle.

Austronaga is unequivocally nested within Trachelosauridae and 
within Tanysauria more broadly. Its closest relative, Dinocephalosaurus 
(25), is also aquatic but displays less specialized aquatic modifications 
than Austronaga in its appendicular skeleton, whereas Pectodens, a 
member of the same family, exhibits a more terrestrial ecology (Fig. 8). 
The other tanysaur family, Tanystropheidae, also includes both pre-
dominantly terrestrial forms, such as Macrocnemus, and at least semi-
aquatic forms, such as Tanystropheus (24), showing that a transition 
to marine habits occurred at least twice in tanysaur evolution. There-
fore, compared to major marine reptilian lineages (e.g., sauropteryg-
ians, ichthyosaurs, and thalattosaurs), these tanysaurs represent the 
only group so far with known terrestrial early-diverging members 
and deeply nested aquatic taxa. This clade thus provides a unique 
opportunity to document the land-to-sea transition in reptile evolu-
tion during the Triassic.

The discovery of Austronaga reshapes our understanding of early 
archosauromorph ecology (fig. S27), demonstrating that marine colo-
nization by stem archosaurs was earlier and more extensive than previ-
ously recognized (8, 44). The land-to-sea transition occurred in this 
major reptilian clade at the beginning of the Mesozoic, similar to the 
more widely known and longer lasting marine reptile clades, such as 
Sauropterygia and Ichthyosauria, but also other exclusively Triassic 
clades like Thalattosauria (2, 3). Collectively, these findings suggest 
a broader adaptive strategy among reptiles to survive in arid zones 
such as those in southern China during the Triassic (1).

MATERIALS AND METHODS
Fossil preparation and observation
The holotype of Austronaga minuta (IVPP V18579), consisting of two 
slabs, was needle-prepared by professional technicians at the IVPP, 
where the specimen is permanently housed. We examined the anat-
omy of this fossil through direct observation with the naked eye, a 

10× magnifier, and optical microscopy. For computed laminography 
(CL), we used the 160-Micro-CL scanner at IVPP with a series of 
experiments with different parameter settings scanning all parts of 
the skeleton. Because of the low contrast between the bones and the 
limestone, as well as the thickness of the slabs, we only obtained in-
formative results for the skull using a voltage of 110 kV, current of 
50 mA, and achieving a voxel size of 35 μm (fig. S1). Photographic 
documentation of IVPP V18579 was performed under both visi-
ble and UV light using a digital mirrorless camera equipped with 
50-mm prime and 100-mm macro lenses. UV photography was con-
ducted in a darkroom with two 180-W UV-A lamps emitting a sin-
gle wavelength of about 365 nm. Multiple resin and glass filters of 
yellow and orange colors were respectively used. The exposure times 
varied from 10 s to 1 min with different aperture values used in a 
series of tests. The images with optimal contrast were selected for 
figures (Figs. 2 and 3 and figs. S6 to S8). Under UV-induced fluores-
cence, the skeletal elements and particularly the visceral remains of 
this specimen exhibited enhanced color differentiation and contrast 
compared to visible-light observations.

We collected samples from representative marginal areas of the 
visceral remains in IVPP V18579, along with a rib distal end frag-
ment and surrounding rock matrix for comparative microstructure 
and elemental analysis (fig. S9). Using needle preparation, we ob-
tained sample fragments of no more than 1 mm2, which were then 
mounted on stubs for SEM. SEM observation and imaging were 
performed using a Thermo Fisher Scientific Helios 5 CX DualBeam 
microscope at the IVPP, with gold sputter coating applied selectively 
based on sample conductivity. The parameters including voltage, cur-
rent, detector, mode, magnification, and scale bar are provided in the 
images (Figs. 4 to 6 and figs. S10 to S14). Elemental analysis was con-
ducted at 200× magnification across the entire field of view, with spec-
tra acquired using Auto Slice View 4 software. For gold-coated samples, 
gold spectra were systematically excluded from the reported results.

Phylogenetic analysis
To assess the phylogenetic position of Austronaga minuta among 
tanysaurs, we updated the scoring of this taxon for the phylogenetic 
character-taxon matrix of Schoch et al. (see the Supplementary Ma-
terials for updated scorings) (20). This represents the most recent 
iteration of the matrix first introduced by Spiekman et al. (19) and 
subsequently modified by Wang et al. (26, 27), Lu and Liu (52), and 
Spiekman et al. (18, 25).

The dataset was analyzed in TNT 1.6 (53). Congruent with previous 
analyses of this matrix, Czatkowiella harae, Tanystropheus “conspicuus,” 
and “Tanystropheus antiquus” were deactivated a priori, and charac-
ters 1, 2, 4, 5, 7, 9, 13, 35, 43, 62, 73, 77, 78, 83, 84, 88, 89, 110, 114, 
118, 128, 136, 140, 144, 153, 158, 159, 162, 178, 185, 187, 194, 195, 
200, 205, 209, 219, 220, 224, 230, 232, 242, 248, 251, 258, 259, 267, 
276, 292, 294, 297, 298, 299, and 305 were treated as ordered. The 
analysis was conducted under equal weights for all the characters 
because the relative performance of implied weighting that penalizes 
homoplasy remains ambiguous in datasets containing fewer than 50 
terminals (54). A traditional search was conducted with 1000 Wagner 
trees replications, random addition sequence, and tree bisection re-
connection (TBR) for branch swapping holding 10 trees per repli-
cate. Bremer and Bootstrap support (GC, groups recovered versus 
groups contradicted) values were calculated; the Bootstrap analysis 
using another Traditional search with 1000 iterations. Consistency 
and retention indices were calculated with the STATSb.run script in 
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TNT [see Spiekman et al. (19) for more details]. Because a large poly-
tomy is formed by the resulting strict consensus tree (SCT) of the anal-
ysis, unstable terminal taxa were a posteriori omitted from the SCT 
to form a considerably better resolved reduced SCT using the iterPCR 
function in TNT (55).

Measurements and statistical analysis
We selected eight linear measurements on the limbs (lengths of hu-
merus, femur, radius, tibia, manus, pes, forelimb, and hindlimb) of a 
broad sampling of secondarily aquatic tetrapods, excluding aquatic 
birds because of their highly modified forelimb morphology. Our 
first dataset of limbs measurements (data S1) is mainly derived from 
Motani and Vermeij (43) focusing on the lengths of humeri and 
femora, given that a longer humerus than femur is commonly pres-
ent in marine tetrapods. The tetrapods with a highly aquatic lifestyle, 
which were categorized as the fourth and fifth marine adaptation 
steps, were used in this study. The second dataset of limb measurements 
(data S2) derives from Gutarra et al. (56), which was independent 
from that of Motani and Vermeij (43) with a broader investigation of 
the secondarily aquatic tetrapods. We selected the lengths of humerus, 
radius, manus, femur, tibia, and pes, as well as the lengths of fore-
limbs and hindlimbs with a combination of the Mesozoic reptile 
dataset and the extant aquatic tetrapod dataset in Gutarra et al. (56) 
except those of amphibians and penguins. We measured the eight 
podial lengths of tanysaurs, semiaquatic archosaurs, and early ter-
restrial archosauromorphs from direct recordings on the specimens 
or from scaled photographs using ImageJ and added them to the 
two datasets in this study with specimen numbers or references.

To compare the lengths between humerus and femur, and be-
tween forelimb and hindlimb, respectively, we plotted each pair of 
the two measurements in the coordinates without and with log10-
transformation to reduce the body size influence. We used a ternary 
plot to visualize the proportions of stylopod, zeugopod, and auto-
pod in the forelimb and hindlimb, respectively. The analyses were 
conducted in the paleontological statistics software package version 
5.2.1 (57). The data, number, color, and symbol of each taxon were 
explained and displayed in the datasets and graphs (data S1 and S2, 
Fig. 9, and figs. S16 to S26).

Supplementary Materials
The PDF file includes:
Supplementary Text
Figs. S1 to S27
Legends for data S1 to S4

Other Supplementary Material for this manuscript includes the following:
Data S1 to S4
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